The level of microbial translocation from the intestine is increased in HIV-1 infection. Proinflammatory cytokine production by peripheral antigen-presenting cells in response to translocated microbes or microbial products may contribute to systemic immune activation, a hallmark of HIV-1 infection. We investigated the cytokine responses of peripheral blood myeloid dendritic cells (mDCs) and monocytes to in vitro stimulation with commensal enteric Escherichia coli in peripheral blood mononuclear cells (PBMC) from untreated HIV-1-infected subjects and from uninfected controls. Levels of interleukin 23 (IL-23) produced by PBMC from HIV-1-infected subjects in response to E. coli stimulation were significantly higher than those produced by PBMC from uninfected subjects. IL-23 was produced primarily by CD16 ؉ monocytes. This subset of monocytes was increased in frequency and expressed higher levels of Toll-like receptor 4 (TLR4) in HIV-1-infected individuals than in controls. Blocking TLR4 on total CD14
S
ystemic immune activation, a hallmark of human immunodeficiency virus type 1 (HIV-1) infection, is characterized by increased frequencies of activated immune cells such as B cells (1) and T cells (2, 3) , increased T cell turnover (4) (5) (6) , and increased levels of proinflammatory cytokines, such as interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-␣), in serum (7, 8) . Several studies have demonstrated a link between systemic immune activation and HIV-1 disease pathogenesis through a direct association between activated peripheral blood CD8 T cells and blood CD4 T cell depletion (9) (10) (11) . Furthermore, blood CD8 T cell activation has been shown to be predictive of the development of AIDS and shorter survival times (12) (13) (14) (15) .
Although the mechanisms leading to systemic immune activation during HIV-1 infection are not fully understood, evidence suggests that the movement of bacteria and/or bacterial products from the intestinal lumen into the systemic circulation, a process called microbial translocation, may be a contributing factor. Initial studies demonstrated that levels of lipopolysaccharide (LPS) and bacterial DNA genes in plasma, indicators of systemic microbial translocation, were higher in HIV-1-infected subjects than in uninfected controls (16, 17) and correlated with CD8 ϩ T cell activation in peripheral blood (16, 17) . Further, levels of soluble CD14 (sCD14), an LPS receptor, in plasma were elevated in HIV-1-infected individuals, were correlated inversely with the CD4 T cell count in peripheral blood, and were found to be an independent predictor of mortality in HIV-1 infection (18, 19) . Bacterial translocation is polymicrobial, with several different bacterial orders detectable in the plasma of HIV-1-infected individuals by bacterial rRNA gene sequencing (20) . In support of a gut origin of microbial translocation, Estes et al. showed evidence of Escherichia coli bacteria and LPS in the intestinal lamina propria (LP) and draining lymph nodes during early stages of disease in a rhesus macaque model of simian immunodeficiency virus (SIV) infection (21) .
One mechanism by which microbial products may contribute to immune activation is innate stimulation of antigen-presenting cells (APCs), such as monocytes and dendritic cells (DCs). Stimulation of human peripheral blood monocytes and DCs with different commensal bacteria induced the production of a range of pro-and anti-inflammatory cytokines, including TNF-␣, IL-6, IL-8, IL-10, and IL-12 (22) (23) (24) (25) (26) . In addition, we showed previously that commensal Escherichia coli and Bacteroides fragilis stimulation resulted in differential IL-10 and IL-23 production by human blood monocytes and myeloid DCs (mDCs) (27) . These findings suggest that under normal circumstances, peripheral blood APCs would likely be capable of recognizing and producing cytokines in response to translocated commensal microbes. However, several studies have demonstrated that the function or activation state of APCs is altered in the setting of chronic HIV-1 infection, with evidence of increased DC activation and coreceptor expression (28, 29) , altered spontaneous production of cytokines (30) , and impaired ability to stimulate allogeneic T cells (31) . In addition, HIV-1-infected individuals showed a higher frequency of the activated CD16 ϩ monocyte subset than controls (32, 33) . Moreover, plasma levels of cytokines typically produced by APCs, including IL-6 and TNF-␣, are increased in HIV-1-infected individuals, further suggesting in vivo APC activation (7, 8, 34) .
In the setting of untreated HIV-1 infection, it is possible that APC dysfunction is exacerbated by chronic exposure to both bacterial and viral antigens in vivo. One study examining peripheral blood mononuclear cells (PBMC) from both HIV-1-infected and uninfected donors suggested that decreased coproduction of TNF-␣ and IL-1␤ by CD14 ϩ monocytes in vitro was due to LPS tolerance developed in vivo (16) . However, several in vitro studies suggested that combined viral and bacterial stimulation might lead to elevated proinflammatory responses. For example, initial in vitro stimulation of PBMC through Toll-like receptor 8 (TLR8), which recognizes viral motifs such as HIV-1 single-stranded RNA (ssRNA), or with Aldrithiol-2-inactivated HIV-1, resulted in increased TNF-␣ production (35, 36) . Moreover, we have demonstrated previously that stimulation of PBMC with a TLR7 and TLR8 (TLR7/8) ligand in combination with a TLR4 ligand leads to the production of the proinflammatory cytokine IL-23 (37) . These data suggest that combined exposure to HIV-1 and translocated enteric bacteria or bacterial products in vivo might drive peripheral APCs toward a more proinflammatory profile. To address this issue, we characterized the cytokine responses of peripheral blood APCs from untreated HIV-1-infected individuals who had high plasma viremia and evidence of microbial translocation, based on elevated sCD14 levels, to in vitro stimulation with commensal enteric bacteria and compared them to APC responses from uninfected controls. We identified a bacterially induced increase in IL-23 production by HIV-1-infected PBMC that arose from blood CD16 ϩ monocytes. We further showed that the frequency of CD16 ϩ monocytes, and associated IL-23 production, was positively associated with soluble CD27 (sCD27), an indicator of systemic immune activation. These results support the role of IL-23 as an important cytokine linking bacterium-associated monocyte activation to the pathogenic state of chronic immune activation.
MATERIALS AND METHODS
Study participants. Peripheral blood samples were obtained from 42 HIV-1-infected individuals who were nonsmokers and were either antiretroviral treatment (ART) naïve (n ϭ 27) or had been off treatment for at least 6 months (n ϭ 15). No statistical differences in the median plasma viral load or blood CD4 count were observed between ART-naïve and previously treated subjects (ART-naïve individuals had a median plasma viral load [ CD4 cells/l). Samples from 41 nonsmoking individuals, self-identifying as non-HIV-1 infected, were also collected. All donors voluntarily gave written informed consent. The characteristics of study subject are detailed in Table 1 . There were no statistical differences in the age range or gender ratio between the two cohorts. Collection of peripheral blood samples was approved by the Colorado Multiple Institutional Review Board (COMIRB) at the University of Colorado, Anschutz Medical Campus.
Collection and preparation of human PBMC. Peripheral blood samples were collected into heparin and EDTA Vacutainer tubes (Becton Dickinson [BD] , Franklin Lakes, NJ), and whole blood was centrifuged to isolate plasma. PBMC were isolated from heparinized blood by standard Ficoll-Hypaque (Amersham Biosciences, Piscataway, NJ) density gradient centrifugation as described previously (27) . PBMC were either used in in vitro assays immediately following isolation or cryopreserved for use in baseline flow cytometry staining.
In vitro stimulation of PBMC. PBMC were stimulated in vitro with heat-inactivated E. coli or B. fragilis (ATCC 25922 and ATCC 25285, respectively; ATCC, Manassas, VA) or with ultrapure lipopolysaccharide (LPS) derived from E. coli K-12 (Invivogen, San Diego, CA). Whole bacteria were expanded, heat inactivated, and frozen in single-use aliquots at Ϫ20°C as described previously (27) . PBMC were cultured in complete medium (CM) consisting of RPMI medium (Invitrogen, Carlsbad, CA) supplemented with 1% penicillin-streptomycin-L-glutamine (Sigma-Aldrich, St. Louis, MO) and 10% human AB serum (HS; Gemini Bioproducts, West Sacramento, CA). PBMC were stimulated with E. coli or B. fragilis at a ratio of 1 PBMC to 5 bacteria, or with LPS (10 g/ml), or were cultured without stimuli for 18 to 24 h at 37°C under a 5% CO 2 atmosphere. For assessment of intracellular cytokines, 1 g/ml GolgiPlug (brefeldin A; BD Biosciences, San Jose, CA) was added 1 h after PBMC were placed into culture. For assessment of secreted cytokines, culture supernatants were collected and frozen at Ϫ20°C.
In vitro stimulation of enriched classical and CD16 ؉ monocytes. Total monocytes were enriched from PBMC by negative selection using a Pan Monocyte Isolation kit (Miltenyi Biotec, Auburn, CA) as per the manufacturer's recommended protocol. To ensure that mDCs were removed, the enriched monocytes were subsequently treated with biotinlabeled CD1c followed by anti-biotin microbeads (both from Miltenyi Biotec). The average purity of the enriched monocytes, based on positive CD14 staining, was 88.7%. Enriched monocytes were further separated into CD16-positive and -negative fractions using CD16 ϩ microbeads (Miltenyi Biotec ϩ monocyte populations were cultured at 2 ϫ 10 6 cells/ml in CM and were stimulated with E. coli at a 5:1 bacterium-tocell ratio. Culture supernatants were collected after 18 to 24 h in culture and were stored at Ϫ20°C.
TLR4 blocking on enriched monocytes. Total CD14 ϩ monocytes were isolated from PBMC by positive selection using CD14 ϩ microbeads (Miltenyi Biotec), as per the manufacturer's recommended protocol. The average purity of isolated CD14 ϩ monocytes was 97.99% (range, 96.7 to 98.7%). CD14 ϩ monocytes were cultured at 2 ϫ 10 6 cells/ml in CM and were preincubated with an anti-human TLR4 blocking antibody or an Addition of rhIL-10 or an anti-IL-10 antibody to stimulated PBMC. Either recombinant human IL-10 (rhIL-10; dose range, 0.1 ng/ml to 20 ng/ml), an anti-human IL-10 antibody (10 g/ml), or an isotype control (10 g/ml) (all from R&D Systems, Minneapolis, MN) was added to PBMC cultures concurrently with E. coli, as described previously (27) .
Flow cytometry protocol. Standard flow cytometry protocols were used to assess the levels of expression of surface markers and intracellular cytokines by mDCs and monocytes on an LSR II flow cytometer (BD Immunocytometry Systems, San Jose, CA), as described previously (27, 29, 37) . Quality control on the LSR II was performed daily through the Cytometer Setup and Tracking component of the BD FACSDiva software (BD Biosciences) as described previously (27, 38) .
In all experiments, cells were stained with a Live/Dead fixable cell viability dye (Aqua-fluorescent reactive dye; Invitrogen) to identify viable cells. To detect intracellular cytokines produced by mDCs and monocytes, PBMC were surface stained with DC-identifying antibodies, including Lineage cocktail (fluorescein isothiocyanate [FITC]-conjugated antibodies against CD3, CD14, CD16, CD19, CD20, and CD56), allophycocyanin-Cy7-conjugated HLA-DR, phycoerythrin (PE)-Cy5-conjugated antiCD11c, and peridinin chlorophyll protein (PerCP)-Cy5.5-conjugated anti-CD123 (all from BD Biosciences). mDCs were identified as Lineage cocktail Ϫ HLA-DR ϩ CD123 low CD11c ϩ . To identify monocytes, large cells were first gated, and lymphocytes were then excluded using forward and side scatter (FSC and SSC, respectively) properties. Monocytes were identified within this population as Lineage cocktail ϩ HLA-DR ϩ . To identify IL-23 production within mDCs and monocytes, cells were stained with eFluor 450-conjugated IL-12p40/70, PE-conjugated IL-23p19, and matched isotype controls (all from eBioscience, San Diego, CA). Representative flow plots of the mDC and monocyte intracellular cytokine staining gating strategy are shown in Fig. S1 in the supplemental material.
To assess monocyte frequencies and the expression of TLR2, TLR4, and IL-10 receptor (IL-10R) on monocyte subsets prior to in vitro culture (baseline), PBMC were first stained with biotin-labeled TLR2, biotinlabeled TLR4, or an isotype control (all from eBioscience) and an FcR blocking reagent (Miltenyi Biotec). Next, the cells were stained with streptavidin-ECD (Beckman Coulter, Fullerton, CA), V450-conjugated CD14, Alexa Fluor 700-conjugated CD16 (both from BD Biosciences), and PE-conjugated IL-10R or an isotype control (BioLegend, San Diego, CA). Monocytes were identified by first gating on large, granular cells within an FSC and SSC gate, as described previously (39), and then subdividing the large, granular cells into CD14 hi CD16 Ϫ (classical) and CD14 ϩ CD16 ϩ (CD16 ϩ ) monocyte subsets. The expression of TLR2, TLR4, and IL-10R was assessed on each subset. Within the CD16 ϩ monocytes, the percentages of intermediate (CD14 hi CD16 ϩ ) and nonclassical (CD14 low CD16 Ϫ ) monocytes were also assessed. This monocyte population gating strategy was also used to determine the purity of the monocyte populations in monocyte isolation experiments. Representative flow plots of the baseline monocyte gating strategy are shown in Fig. S2 in the supplemental material.
To assess the frequency of activated T cells, PBMC were surface stained with ECD-conjugated anti-CD3, allophycocyanin-conjugated anti-CD4, PE-conjugated anti-CD8, allophycocyanin-Cy7-conjugated anti-HLA-DR, and PE-Cy5-conjugated anti-CD38 or isotype controls. Activation of CD3 ϩ CD4 ϩ and CD3 ϩ CD8 ϩ T cells was determined by coexpression of CD38 and HLA-DR. Gates were placed using appropriate matched isotype controls. Representative flow plots are shown in Fig. S3 in the supplemental material.
Detection of cytokines within culture supernatants. IL-12p70, IL-23, IL-10, and IL-6 enzyme-linked immunosorbent assays (ELISAs; eBioscience) were performed by using thawed culture supernatants according to the manufacturer's recommended protocols. Lower detection limits were 4 pg/ml for IL-12p70, 15 pg/ml for IL-23, 2.3 pg/ml for IL-10, and 1.6 pg/ml for IL-6.
Detection of LPS, soluble CD14, IL-6, and CD27 in plasma samples. Levels of bacterial endotoxin (LPS) were evaluated using the Limulus amebocyte lysate assay (Lonza, Switzerland) in freshly thawed EDTA plasma that was diluted 1:10 (assays of samples with optical densities [ODs] above 0.1 were repeated with a 1:20 dilution) in HyClone endotoxin-free water and then heat inactivated at 80°C for 15 min. EDTA plasma was also used to evaluate levels of IL-6 (in undiluted plasma; R&D Systems) or soluble CD27 (sCD27) (in plasma diluted 1:20 in dilution buffer; Sanquin Blood Systems, Amsterdam, The Netherlands) by ELISA. Levels of sCD14 were evaluated in freshly thawed heparin plasma (diluted 1:500 in calibration diluent; R&D Systems) by ELISA.
Data and statistical analysis. All flow cytometry data analysis was performed using FACSDiva software, version 6.1.2 (BD Biosciences). Isotype control values were subtracted from the antibody values as appropriate. Net values for the percentage of cytokine-positive cells and the amount of soluble cytokine production were calculated by subtracting the background (medium-only values) from the stimulation condition values. Statistical significance was evaluated using a Mann-Whitney test for comparison of the HIV-1-infected group to the uninfected controls, and a Wilcoxon matched-pairs signed-rank test was used for matched pairs. Spearman's test was used to assess statistical significance for associations between two parameters. For small sample sizes (n, Յ4), statistical significance was assessed using paired and unpaired t tests. A Fisher exact test was used to determine the significance of differences between the male/ female ratios of the two cohorts. P values of Ͻ0.05 were considered significant. Statistical analysis was performed using GraphPad Prism statistical software (version 5.0; GraphPad Software, San Diego, CA).
RESULTS
PBMC from HIV-1-infected subjects produce levels of cytokines different from those of uninfected controls in response to commensal bacterial stimulation. To assess HIV-1-infected and uninfected donors for differences in the PBMC cytokine response to commensal bacterial stimulation, PBMC from both cohorts were stimulated with E. coli or B. fragilis in vitro or were cultured in medium alone. PBMC from both HIV-1-infected individuals and uninfected controls that were cultured in medium only produced minimal and similar levels of IL-23, IL-12p70, IL-10, and IL-6 (data not shown). In response to in vitro E. coli stimulation, PBMC from HIV-1-infected individuals produced significantly more IL-23 than PBMC from uninfected donors (P Ͻ 0.0001) (Fig. 1) , whereas IL-12p70 production was minimal, and no significant difference between the two groups was detected (P ϭ 0.78) (Fig.  1 ). E. coli induced high levels of IL-10 and IL-6, and the production of both cytokines trended higher in HIV-1-infected subjects than in uninfected donors (P ϭ 0.05 and 0.07, respectively) ( Fig. 1) .
In contrast to the response to E. coli stimulation, no statistical difference in the production of IL-23 by PBMC in response to B. fragilis was found between the HIV-1-infected and uninfected subjects (P ϭ 0.97) (see Fig. S4 in the supplemental material) . However, significantly lower IL-12p70 levels were produced by PBMC from HIV-1-infected subjects in response to B. fragilis (P ϭ 0.01) (see Fig. S4 ). As with E. coli stimulation, IL-10 production trended higher in HIV-1-infected subjects (P ϭ 0.08) (see Fig. S4 ), and IL-6 production in response to B. fragilis stimulation was significantly higher in HIV-1-infected individuals than in uninfected controls (P ϭ 0.007) (see Fig. S4 ).
In our previous study, B. fragilis induced significantly more IL-23 production than did E. coli in normal PBMC (27) . However, similar levels of IL-23 were induced by E. coli and B. fragilis in PBMC from HIV-1-infected subjects (data not shown), suggesting that the mechanism for recognition and response to E. coli was altered in HIV-1-infected donors. Therefore, to investigate the mechanism(s) underlying the E. coli-induced increase in IL-23 production in HIV-1-infected individuals, all further experiments in this report focused on characterizing the response to E. coli. CD16 ؉ monocytes produce the majority of IL-23 in response to E. coli stimulation, and their frequency is increased in HIV-1-infected individuals. The contributions of mDCs and monocytes to the total IL-23 production observed in PBMC in response to E. coli stimulation in both HIV-1-infected individuals and uninfected controls were next evaluated. No significant difference in the percentage of mDCs producing IL-23 in response to E. coli was observed between HIV-1-infected individuals and uninfected controls (P ϭ 0.25) (Fig. 2A) . However, the percentage of monocytes producing IL-23 in response to E. coli was significantly increased in HIV-1-infected individuals (P ϭ 0.02) (Fig. 2A) .
To determine if IL-23 production by monocytes differed between the classical and CD16 ϩ monocyte subsets, isolated monocytes from uninfected donors were separated into classical and CD16 ϩ monocyte fractions, which were stimulated with E. coli, and IL-23 and IL-10 production was measured in culture supernatants (Fig. 2B) . In all three donors tested, CD16
ϩ monocytes produced more IL-23 than did classical monocytes. Although both monocyte populations produced IL-10 in response to E. coli stimulation, the classical monocytes were the main producers of this cytokine.
In order to determine the relationship between monocyte subsets and elevated E. coli-induced IL-23 production, we first determined the percentage of each monocyte subset within PBMC from HIV-1-infected and uninfected individuals prior to in vitro culture (baseline). Frequencies of CD16 ϩ monocytes were significantly higher (P Ͻ 0.0001) in the peripheral blood of HIV-1-infected subjects than in that of uninfected donors (Fig. 3A) , whereas classical monocyte frequencies did not differ significantly (P ϭ 0.43) (Fig. 3B) . Comparisons of absolute numbers of CD16 ϩ and classical monocytes between HIV-1-infected and uninfected donors revealed similar increases in the CD16 ϩ population (data not shown). When CD16 ϩ monocytes were further separated into intermediate and nonclassical monocyte subpopulations based on differential CD14 expression, the percentages of each of these subsets were significantly higher in HIV-1-infected individuals than in uninfected controls (P Ͻ 0.0001 and 0.041, respectively) (see Fig. S5A and B in the supplemental material).
Associations between baseline frequencies of monocyte subsets and in vitro E. coli-induced cytokine production were next evaluated. CD16 ϩ monocyte frequencies correlated positively (r ϭ 0.44; P ϭ 0.015), whereas classical monocyte frequencies correlated negatively (r ϭ Ϫ0.49; P ϭ 0.005), with E. coli-induced IL-23 levels ( Fig. 3C and D) . The frequencies of both monocyte subsets failed to correlate significantly with E. coli-induced IL-10 levels (for CD16 ϩ monocytes, r was Ϫ0.14 and P was 0.44; for classical monocytes, r was 0.18 and P was 0.33) (Fig. 3E and F) . When CD16 ϩ monocytes were divided into intermediate and nonclassical subpopulations, nonclassical monocyte frequencies correlated significantly with IL-23 production (r ϭ 0.28; P ϭ 0.03), whereas the frequencies of the intermediate monocytes did not (r ϭ 0.4; P ϭ 0.13) (see Fig. S5 in the supplemental material). Neither intermediate nor nonclassical monocytes correlated with IL-10 pro- duction (data not shown). These data suggest that increased percentages of CD16 ϩ monocytes may be responsible for elevated E. coli-induced IL-23 production in HIV-1-infected individuals and that the nonclassical monocytes within this subset may be particularly involved in IL-23 production in response to E. coli stimulation.
The failure of IL-10 suppression does not fully explain increased HIV-1-associated IL-23 production. We showed previously that IL-10 produced in response to bacterial stimulation regulates the concurrent production of both IL-23 and IL-12p70 (27) . We therefore hypothesized that the increased production of IL-23 in response to E. coli could result from a lack of IL-10 suppression, via either altered IL-10R expression or a decreased responsiveness to IL-10 by CD16 ϩ monocytes. Although slightly lower percentages (medians, 31.24% for uninfected subjects and 27.39% for HIV-1-infected subjects; P ϭ 0.13) (Fig. 4A ) and expression levels (median MFI [mean fluorescent intensity], 278.5 for uninfected subjects and 259.1 for HIV-1 infected subjects; P ϭ 0.08) (Fig. 4B ) of IL-10R on CD16 ϩ monocytes were observed for HIV-1-infected subjects than for uninfected subjects, these differences did not reach statistical significance. Further, the addition of rhIL-10 inhibited IL-23 production in response to E. coli stimulation in a similarly dose-dependent manner in both HIV-1-infected and uninfected subjects (Fig. 4C) . The addition of an anti-IL-10 blocking antibody led to a significant increase in IL-23 production over that with the isotype control in both HIV-1-infected and uninfected PBMC (P ϭ 0.008 and 0.02, respectively) (Fig. 4D) . Taken together, these data indicate that an inability to recognize or respond to IL-10 is unlikely to be responsible for the
E. coli-induced increase in IL-23 production in HIV-1-infected individuals.
TLR4 expression is increased on CD16 ؉ monocytes in HIV-1-infected individuals and contributes to IL-23 production. Since altered expression of pattern recognition receptors (PRRs), such as TLRs, that recognize conserved bacterial motifs known as microbe-associated molecular patterns (MAMPs) could explain the increased production of IL-23 by CD16
ϩ monocytes in response to E. coli stimulation, the expression of TLR2 and TLR4 on CD16 ϩ monocytes was measured in HIV-1-infected and uninfected PBMC. Both the percentage of CD16 ϩ monocytes expressing TLR4 and the expression level of TLR4 on CD16 ϩ monocytes were higher in HIV-1-infected individuals than in uninfected controls (P ϭ 0.003 and 0.02, respectively) ( Fig. 5A and B) . Increased TLR4 expression among CD16 ϩ monocytes was dominated by higher TLR4 expression on the nonclassical CD16 ϩ monocyte subset (data not shown). Conversely, the expression of TLR2 on CD16 ϩ monocytes was significantly lower in HIV-1-infected individuals (P ϭ 0.005) (Fig. 5D) , although the percentages of CD16 ϩ monocytes expressing TLR2 were high and similar for infected and uninfected subjects (P ϭ 0.66) (Fig. 5C ). Among CD16 ϩ monocytes from HIV-1-infected subjects, decreased TLR2 expression was observed in both the intermediate and nonclassical CD16 ϩ monocyte subsets (data not shown). Given the higher TLR4 levels on HIV-1-infected CD16 ϩ monocytes, we next determined if levels of cytokine production differed following in vitro stimulation of PBMC with commensal E. coli LPS, a purified TLR4 ligand. LPS stimulation induced IL-23 production in both cohorts, at levels slightly below those induced with whole E. coli bacteria (Fig. 6A ; compare with Fig. 1 ). Although median IL-23 levels were higher in PBMC from HIV-1-infected subjects, these differences were not statistically significant (P ϭ 0.11) (Fig. 6A) . IL-23 production in response to both LPS and E. coli was significantly decreased in the presence of a neutralizing antibody against TLR4 (37.9% [P ϭ 0.005] and 11% [P, 0.04] reductions, respectively) (Fig. 6B) , confirming a role for TLR4 signaling in IL-23 production in response to E. coli stimulation. Finally, to determine whether there was an association between the expression level of TLR4 on CD16 ϩ monocytes and E. coli-induced IL-23, these parameters were assessed for correlations. The expression level of TLR4 on CD16 ϩ monocytes did not correlate with levels of E. coli-induced IL-23 (data not shown). The facts that the IL-23 response to LPS was inhibited to a greater extent than its response to E. coli as a result of TLR4 blockade and that the level of TLR4 expression on CD16 ϩ monocytes did not correlate with the level of E. coli-induced IL-23 production suggest that TLR4 signaling may be only partly responsible for the IL-23 produced in response to intact bacteria.
E. coli-induced IL-23 production and CD16 ؉ monocyte frequencies in HIV-1-infected individuals correlate with sCD27, a plasma biomarker of systemic immune activation. Levels of sCD27 and IL-6, indicators of inflammation, and of LPS and sCD14, indicators of microbial translocation, in the plasma of HIV-1-infected and uninfected subjects were evaluated. Levels of sCD27, IL-6, and sCD14 were higher in HIV-1-infected individuals than in uninfected individuals (P Ͻ 0.01 for all) (see Fig. S6 in the supplemental material). Plasma LPS levels were slightly higher ϩ (E) and classical (F) monocytes and the amount of IL-10 produced by PBMC from HIV-1-infected individuals (n ϭ 32) in response to in vitro E. coli stimulation were calculated using a Spearman test.
in HIV-1-infected individuals than in uninfected individuals, although this difference did not reach statistical significance (P ϭ 0.15) (see Fig. S6 ).
Associations between plasma biomarkers and either E. coliinduced cytokine levels or baseline monocyte subset percentages were determined for HIV-1-infected donors. Plasma sCD27 levels were found to correlate positively with both the level of E. coliinduced IL-23 (r ϭ 0.39; P ϭ 0.02) (Fig. 7A ) and the baseline percentage of CD16 ϩ monocytes (r ϭ 0.38; P ϭ 0.04) (Fig. 7C) . Furthermore, levels of sCD27 correlated negatively with both the level of E. coli-induced IL-10 (r ϭ Ϫ0.42; P ϭ 0.01) (Fig. 7B) and the baseline percentage of classical monocytes (r ϭ Ϫ0.43; P ϭ 0.01) (Fig. 7D) . Plasma sCD27 levels correlated strongly with the percentages of CD38 ϩ HLA-DR ϩ CD8 ϩ and CD38 ϩ HLA-DR ϩ CD4 ϩ T cells when HIV-1-infected and uninfected donors were combined (see Fig. S6 in the supplemental material) , as has been demonstrated previously (40) , but in HIV-1-infected individuals alone, sCD27 levels correlated significantly only with CD38 Table S1 in the supplemental material). Additional analyses with the HIV-1-infected donor cohort found that neither E. coli-induced IL-10 or IL-23 production nor the percentage of CD16 ϩ or classical monocytes correlated significantly with the HIV-1 viral load, the CD4 T cell count, or the level of sCD14, IL-6, or LPS in plasma (see Table S1 ).
DISCUSSION
In this report, we investigated the cytokine responses of DCs and monocytes to in vitro stimulation with commensal enteric bacteria in an effort to model potential interactions between translocated bacteria and blood APCs in HIV-1 infection and to determine whether these responses could contribute to systemic immune activation. PBMC from untreated HIV-1-infected individuals produced significantly more proinflammatory IL-23 in response to in vitro E. coli stimulation than PBMC from uninfected individuals. This novel finding expands on a previous study in which PBMC from acutely HIV-1 infected individuals were shown to produce IL-23 in response to LPS stimulation (41) . We further addressed the cellular source of increased IL-23 production and found that IL-23 was preferentially produced by CD16 ϩ monocytes. CD16 ϩ monocyte levels were higher in HIV-1-infected individuals than in controls, in agreement with previous studies (32, 33) . Furthermore, increased percentages of CD16 ϩ monocytes, primarily the nonclassical monocyte subset, were associated with increased IL-23 production in our cohort and thus were likely responsible for increased IL-23 production in response to in vitro stimulation with E. coli.
We have shown previously that production of the anti-inflammatory cytokine IL-10 can regulate the production of both IL12p70 and IL-23 (27) . However, increased IL-23 production in response to E. coli stimulation in HIV-1-infected individuals was not due primarily to a lack of responsiveness to IL-10. Increased signaling through TLR4, due to its higher expression levels, provides one potential mechanism by which increased frequencies of CD16 ϩ monocytes, particularly nonclassical monocytes, contribute to increased IL-23 production in response to E. coli stimulation in HIV-1-infected individuals. Previous studies have shown that monocyte TLR2 expression was elevated, but TLR4 expression unchanged, in HIV-1-infected individuals (42, 43) . However, these studies evaluated TLR expression on total monocytes and were performed in a combined cohort of antiretroviral-treated and untreated HIV-1-infected individuals. In contrast, our study addressed TLR expression on the CD16 ϩ monocyte subset and was focused solely on expression in PBMC from untreated, viremic HIV-1-infected individuals.
A previous study examining CD14 ϩ monocyte coproduction of TNF-␣ and IL-1␤ within PBMC from both HIV-1-infected individuals and uninfected controls demonstrated an inverse correlation between plasma LPS levels and the production of these cytokines in response to in vitro LPS stimulation, implying that increased exposure to microbial products in vivo might lead to tolerance (16) . In contrast, we did not find a significant positive or negative association between plasma LPS or sCD14 levels in untreated HIV-1-infected donors and either the percentage of CD16 ϩ monocytes or the level of IL-23 production by PBMC in
FIG 5 Percentages of CD16
ϩ monocytes expressing TLR4 and TLR2. Flow cytometry was used to evaluate the percentages of CD16 ϩ monocytes expressing TLR4 (A) and TLR2 (C) as well as the expression levels of TLR4 (B) and TLR2 (D) within total PBMC from HIV-1-infected (n ϭ 32) and uninfected (n ϭ 29) subjects prior to in vitro culture (baseline). Expression levels are shown as mean fluorescent intensity (MFI). Horizontal lines indicate median values. The statistical significance of the difference between HIV-1-infected and uninfected subjects was calculated using a Mann-Whitney test. ϩ monocytes from uninfected controls (n ϭ 4) stimulated with purified LPS or whole E. coli in the presence of an anti-TLR4 antibody or an isotype control. Lines connect data from the same donor. The statistical significance of the difference between the blocking-antibody and isotype control conditions was calculated using a paired t test.
response to E. coli stimulation. These findings suggest that potential exposure to LPS in vivo does not necessarily lead to hyporesponsiveness to further bacterial stimulation, but they also fail to demonstrate conclusively that in vivo exposure to bacterial products alone drives monocytes toward elevated proinflammatory cytokine production. It is more likely that a combination of in vivo signals, perhaps from viral and bacterial products as well as from cytokines, is responsible for activating monocytes and skewing them toward a more proinflammatory profile.
It is important to consider that the translocation of microbial products from the intestine during HIV-1 infection probably includes more than just LPS from Gram-negative bacteria (20) . Although the exact innate in vivo triggers responsible for skewing monocytes toward elevated proinflammatory cytokine production in HIV-1-infected individuals remain to be determined, PRR recognition of multiple MAMPs from various commensal bacteria may dictate the innate proinflammatory response elicited (44) . Indeed, in the present study, B. fragilis induced significantly higher IL-6 production by PBMC from HIV-1-infected individuals, whereas E. coli stimulation did not induce as great an increase. Thus, exposure of APCs to several types of commensal bacteria and their respective MAMPs in vivo could lead to elevated production of multiple proinflammatory cytokines and thereby contribute to overall systemic immune activation. It will be important to determine the exact bacteria and bacterial products that are preferentially translocated, since it is clear that different bacterial MAMPs can induce differential cytokine responses from peripheral APCs.
In our study, we observed that plasma sCD27 levels were higher in untreated HIV-1-infected individuals than in uninfected controls and were positively correlated with the percentages of activated blood CD4 ϩ and CD8 ϩ T cells when data from HIV-1-infected and uninfected individuals were combined, in agreement with results from a study of HIV-1-infected Ethiopians (40) . These findings suggest that the higher plasma sCD27 levels in HIV-1-infected individuals reflect HIV-1-associated systemic immune activation. Plasma sCD27 levels were positively associated with increased IL-23 production in response to E. coli stimulation and with the percentage of CD16 ϩ monocytes, demonstrating a link between these parameters and systemic immune activation in HIV-1-infected individuals. However, we did not observe a similar positive association between E. coli-induced IL-23 or baseline CD16 ϩ monocyte frequency and activated CD4 ϩ or CD8 ϩ T cell frequencies. The positive associations with plasma sCD27 levels, but lack of association with peripheral blood T cell activation, may be due to the fact that sCD27 is shed from multiple activated cell types, including both T cells and B cells (45) (46) (47) . In the setting of untreated infection, therefore, increased proinflammatory monocyte frequencies and cytokine production may reflect more generalized or complex immune activation processes than are reflected by measuring T cell activation markers alone.
A recent study using a rhesus macaque model of acute SIV infection demonstrated that IL-23 mRNA expression by CD14 ϩ monocytes was elevated and correlated with levels of sCD14 and LPS binding protein in plasma, suggesting that monocyte production of IL-23 can occur in vivo and is associated with markers of microbial translocation (48) . Elevated in vivo IL-23 production could contribute to systemic immune activation through the role of IL-23 in the expan- sion and activation of Th17 cells (49) . Th17 cells have been shown to protect against extracellular bacteria and to aid in the maintenance of the intestinal mucosal barrier (50) (51) (52) . Increased IL-23 production in response to translocated bacteria could potentially lead to the activation and expansion of Th17 cells, promoting their infection and depletion. Indeed, Th17 cells are preferentially depleted from the gut during HIV-1 infection (53) . Therapies targeting CD16 ϩ monocyte production of proinflammatory cytokines, including IL-23, or limiting microbial translocation could reduce systemic inflammation in the context of HIV-1 infection.
